This article explores the possibilities and challenges of genetic testing, genetic counseling, and genome editing (collectively referred to in this piece as precision medicine) in Bosnia and Herzegovina, in the era of CRISP-Cas9. It is informed by recent developments in the field which reached new heights in the radar of global awareness in the wake of the research scandal from China in November of 2018. The scandal generated intense debates, some of it still ongoing, regarding the appropriate boundaries for scientific research on human DNA. Bearing on independent developments within this country, complemented with global events, the article covers several grounds related to the topic, including: the nature and limits of emerging legislation; measures of genetic testing and genetic counseling; public engagement meant to increase awareness among stakeholders, beginning with the public, regarding these novel technologies; and corresponding bioethical and social implications. BH decision makers must work to ensure that socioeconomic factors do not pose obstacles to healthcare access, including matters bordering on precision medicine, and they must strive to realize standards for citizens, whether in healthcare delivery, research, or general educational services, that do not lag behind the rest of Europe. The route to reaching these governance goals will be through well-timed legislation, level-headed implementation, and diligent legislative oversight of the work of administrative agencies.
Introduction
G enetic testing and counseling promote early detection that can serve to prevent the occurrence of a disease. They further use a patient's unique genetic profile with distinctive genetic signatures and biomarkers associated with the disease to target medical treatment that is tailored for an individual patient. By offering increased opportunities for improving diagnoses of diseases and developing targeted drugs, these novel techniques complement increased global efforts to implement precision or personalized medicine (PM) in medical practice. These recently developed biotechnologies allow genetic material to be precisely added, removed, or changed at particular locations in the affected DNA. By enabling scientists to change the DNA of an individual for targeted treatment, genome (or gene) editing marks an important step in patient-tailored medicine.
However, some good things sometimes come with a downside. Although tools of precision medicine, such as genetic testing, genetic counseling, and gene editing, represent major breakthroughs key to the future of medicine, they come with ethical, legal, and social issues (ELSI) associated with potential disparities in treatments and overall healthcare access, based on an individual's genetic profile , Sankar and Parker, 2017 , Adams and Petersen, 2016 . Another factor impeding efficient employment of precision medicine is the high cost of these novel technologies that can exacerbate existing healthcare inequalities, particularly in low-income and middle-income countries (Iriart, 2019) . Given these problems, recent studies recommend that efficient applications of PM in health system should, in addition to addressing the relevance of patients' genetic testing and counseling, also consider factors like social and cultural variables, potential racial and ethnic disparities (Mensah et al., 2019 , Belisle-Pipon et al., 2019 , Canedo et al., 2019 , as well as legislative and regulatory framework (Duardo-Sanchez and De Miguel Beriain, 2018) .
This article explores the possibilities and challenges of precision medicine, particularly genetic testing, genetic counseling, and genome editing, in Bosnia and Herzegovina (BH), in the era of CRISPR-Cas9 [Clustered Regularly Interspaced Short Palindromic Repeats and CRISPR-Associated Protein 9]. The paper has six sections, in addition to this introduction. Section "Challenges of genome editing in the era CRISPR-Cas9" traces the challenges of genome editing in the era of CRISPR-Cas9, including the factors that differentiate CRISPR-Cas from other gene editing techniques, the research scandal from China in Fall of 2018 involving the use of this technology, attempts by the international scientific community since then to develop guidelines for decision making on the responsible use of human genome-editing research, and the result of those efforts. Section "Genetic testing in Bosnia and Herzegovina" chronicles achievements in genetic testing, Section "Genetic counseling in Bosnia and Herzegovina" on genetic counseling, and Section "Public engagement in Bosnia and Herzegovina" on public engagement. Section "Legal framework" discusses the legal framework in BH related to precision medicine, particularly genetic testing, genetic counseling, and gene editing. The placement of this material in the penultimate portion of the paper is an act of organization that does not in any way minimize the key role of lawmakers and national regulation in precision medicine. Section "Conclusion" concludes the article.
Challenges of genome editing in the era of CRISPR-Cas9
Genome editing involves a set of technologies that enables scientists to change the DNA of an individual for targeted medical treatment. What makes genome editing a matter of great interest to the scientific community-but also as well to the general public -is its potential for clinical applications in the prevention and treatment of a wide range of diseases, including monogenic disorders, like hemophilia, sickle cell anemia, and cystic fibrosis, and complex diseases, like cancer, cardiovascular disease, diabetes, HIV/AIDS, and mental and neurological disorders (White and Khalili, 2016 , Kc and Steer, 2019 , Porteus, 2019 . Much research today on genome editing is designed to better understand diseases by using cultured cells and animal models, while scientists work to gauge the safety and effectiveness of these approaches for human use (Isa et al., 2019 .
Several technologies are employed for genome editing, including the protein-based nuclease systems, such as meganucleases, zinc finger nucleases (ZNFs), and transcription activator-like effector nucleases (TALENs) (Khan, 2019) . The most recent in the lineup of techniques and the approach today generating tremendous excitement within the scientific community is CRISPR-Cas9. Since its power was first demonstrated in 2012, CRISPR-Cas9 has shown a capacity to transform research in genetics (White and Khalili, 2016, Kc and Steer, 2019) , because, compared to other techniques, this approach appears to be faster, more precise, more efficient, and more cost-effective Charpentier, 2014, Baliou et al., 2018) . CRISPR-Cas9 was adapted from the natural defense mechanisms in bacteria, one known to capture pieces of DNA from invading viruses (Wright et al., 2016 , Bikard et al., 2012 . CRISPR-Cas9 appears to be superseding ZFNs and TALENS as gene editing technology of choice for many scientists and has a high potential to trigger ground-breaking innovations not only in biology and medicine, but also in fields like agriculture (Bilichak et al., 2020) .
However, the technology is associated with a number of obstacles that raise question regarding its efficiency in clinics and ultimately its safe applications in humans. One of these is avoidance of off-target effects (White and Khalili, 2016, Shah et al., 2019) . A recent study suggested that CRISPR technology is more susceptible to off-target effects than ZNFs and TALENs (Heintze et al., 2013) , an occurrence which presents a major challenge in its clinical application (Mei et al., 2016) . Another obstacle centers on delivery of editing system to the targeted cells, due to the fact that nucleases may induce immune response and tumorigenicity (Shim et al., 2017) . These concerns have generated intense debates among stakeholders across the world, among them: the scientific community, governmental bodies, and policy makers. These debates reached a highpoint recently when He Jiankui, a Chinese biophysicist, disclosed in November of 2018 that he used the CRISPR-Cas9 technique to edit the genes of twin girls reportedly to prevent them from contracting HIV infection . The controversial research raised a range of ethical questions that prompted the Chinese government to introduce new laws and regulatory measures designed to improve the ethical assessment of research projects , Wang and Yang, 2019 , Cyranoski, 2019a .
In the lead up to the international outcry from He Jiankui's research, scientific institutions strove to develop recommendations to facilitate decision-making for the responsible use of human genome-editing research. This occurrence led to two international summits on human gene editing, one in Washington, D.C., in December 2015, and another at the University of Hong Kong, in November 2018. The first was co-organized by the U.S. Academies of Sciences, Engineering, and Medicine, the Chinese Academy of Sciences, and the U.K.'s Royal Society. The second was co-organized by the U.S. Academies of Sciences, Engineering, and Medicine, the U.K.'s Royal Society, and the Academy of Sciences of Hong Kong. Reactions to the gene editing scandal from China included an additional demand from the scientific community for a multilateral treaty on gene editing, backed by strong domestic regulatory measures , Aquino-Jarquin, 2019 .
More recently, in February of 2019, the World Health Organization established a global, multi-disciplinary expert panel, comprising members from all seven regions of the world, to analyze the scientific, ethical, social and legal issues associated with human somatic and germline genome editing (Advisory Committee on Developing Global Standards for Governance and Oversight of Human Genome Editing) (2019). The panel was asked to look into and make recommendations on appropriate standards of governance and oversight at all levels-nationally, regionally, and globally-for the editing of human genome. The standards will then pave the way for an international framework under which scientists should perform research and clinical applications of gene editing, one, as the panel summarized in a report after its inaugural meeting, that will be scalable, sustainable, and focused to "work in parts of the world," countries like BH no question included, "where there is traditionally weaker regulation of scientific and clinical research and practice, and where genome editing may not yet be pursued with great intensity" (ibid). Going further, the scientific community has called for clear consensus, as well as enactment and enforcement of strict laws globally for the use of human genome editing in medical treatments .
However, despite these laudable international efforts, reports on gene editing involving inappropriate use of CRISP-Cas9 still abound. One recently, conducted in China, involved use of geneedited stem cells in patient with acute lymphoblastic leukemia who was infected with HIV (Xu et al., 2019) . Although the researchers claimed a lack of off-target effects of gene editing in this patient, it appears that the study design was cleverly calibrated to give a sense of propriety that minimized its unethical features. Another reported research, this one from Russia, involved Denis Rebrikov, a Russian molecular biologist, who plans to perform gene editing in women with HIV by using a modified version of the technique used by He Jiankui, the Chinese biophysicist in 2018, to produce gene-edited embryos (Cyranoski, 2019b) .
Use of genome editing to amend human genomes, today facilitated by the technology of CRISPR-Cas9, raises serious health and ethical concerns, particularly if changes are made to genes in egg or sperm cells (germline cells) or in the genes of an embryo through CRISPR-Cas9 that could be passed to future generations (Howard et al., 2018) . Tinkering with the reproductive cells constitutes inherently unsafe human experimentation also effectively irreversible that could put any resulting children at risk of harm. Attempts to genetically engineer future children and generations could be unsafe, medically unnecessary, and immensely damaging to social justice, human dignity, and human rights. Instructively, one recent study indicated that persons with two disabled copies of the CCR5 gene, which was targeted in both of previous studies in China , June, 2019 , risk having accidentally shorter life spans (Wei and Nielsen, 2019) .
These occurrences make these unethical changes questionable by diverse individuals and groups, including religious organizations (Al-Balas et al., 2019 , Isa et al., 2019 . It is also because of these and related concerns that the Japan Society of Gene Therapy and the American Society for Gene and Cell Therapy called for a ban on clinical research of human germline gene editing until its potential risks are broadly assessed (Friedmann et al., 2015) . Going further, earlier this year a group of prominent scientists and bioethicists from seven countries called for a global moratorium on germline editing (Lander et al., 2019) . Tracking all these concerns, about 30 nations currently have legislation that bars all clinical uses of germline engineering (Araki and Ishii, 2014) .
Genetic testing in Bosnia and Herzegovina
Analyzing the human genome of an individual allows a physician to determine the causes of the disease in question, the chances of its development, and the possibility of the condition in question being successfully treated by gene therapy or editing. Thus, genetic testing and interpretation of genetic data represent a remarkable opportunity, but also as well poses a challenge for this and other societies. Increased availability of testing services signifies increased access to those benefits by patients.
Genetic testing in Bosnia and Herzegovina is mostly performed in clinical settings for three purposes: diagnostic, research, and basic human genetic research (Valjan, 2012) . Major institutions in BH which offer genetic testing are the Clinical Center of the University of Sarajevo, the Institute for Genetic Engineering and Biotechnology at the University of Sarajevo, the University Clinical Center in Banja Luka, and the University Clinical Center in Tuzla. The tests are available to patients through physician referral and cover medical conditions, such as prenatal DNA characterization, thrombophilia and breast cancer risk, and genotyping of the spectrum of inherited disorders through cooperation with laboratories specialized in detecting rare hereditary diseases. Recently, several clinical studies reported the use of genetic tests for improved diagnosis of different diseases in BH population, such as rheumatoid arthritis (Klimenta et al., 2019) , Type 2 diabetes (Semiz et al., 2014 , Semiz et al., 2010 , Bego et al., 2019 , Dujic et al., 2016 , Semiz et al., 2011 , posttraumatic stress disorder (Kucukalic et al., 2019) , psychiatric (Memic et al., 2018) , and rare neurodegenerative disorders (Begic et al., 2019) . These developments suggest an increased interest in clinical application of genetic testing in BH. Furthermore, awareness of rare disease is on the rise in BH with recent programs and strategies being adopted to meet the growing demands for treating these often life-threatening and debilitating diseases (Guzvic et al., 2018) . Since certified genetic laboratory for the complex diagnostic testing appears to be still lacking in BH, genetic tests for complex diseases are performed in collaboration with the certified laboratories outside the country (Valjan, 2012 ). An additional challenge is the apparent availability of diagnostic and genetic counseling services for only a few rare diseases. The result is that current efforts in the laboratories which treat these illnesses confine their activities to advancing the level of knowledge and professional skills of physicians in prevention and early diagnosis of rare diseases, as well as on increasing the number of highly specialized personnel in the field of clinical genetics (Guzvic et al., 2018) .
In addition to the genetic testing offered at clinics in BH, there are several private labs offering direct-to-consumer (DTC) genetic tests that are providing a way to bypass the traditional healthcare system. DTC genetic tests, which emerged in the early 2000s, allow these "patients" to access their genetic information often without an adequate physician's referral. Consequently, genetic information is becoming increasingly available to the general public, often without adequate awareness of the health risk information that is sold without genetic counseling (Borry et al., 2010 , Collins et al., 2011 , Middleton et al., 2017 . In sum, many DTC genetic testing companies are not providing their consumers with appropriate pre-genetic and post-genetic counseling and even those that do, are raising concerns regarding the mode and quality of genetic counseling that they offer.
Although the importance of the results and the information obtained from genetic test results is undoubtedly valuable for the future, the expensive technology-in many cases amounting to more than an average salary in BH-pose an obstacle for many BH citizens wanting to be tested. A recent survey of the perceptions of health science students regarding pharmacogenomics (PG) and precision medicine showed that students' response on PALGRAVE COMMUNICATIONS | https://doi.org/10.1057/s41599-019-0346-2 ARTICLE PALGRAVE COMMUNICATIONS | (2019) 5:134 | https://doi.org/10.1057/s41599-019-0346-2 | www.nature.com/palcomms how much money they are willing to spend to use genetic test was related to their family income, with students from low-income families being more willing to bypass a test, compared to those from "wealthier" families (Mahmutovic et al., 2018) . Equally, price was a main consideration for many stakeholders in deciding whether or not to introduce a new technology or drug or provide reimbursement to patients (Guzvic et al., 2017) . This is consistent with another study which spelled out the major barriers to global implementation of genomic medicine which, in addition to high costs and related factors (such as lack of reimbursement), identified limited access to reliable standardized genotyping or sequencing platforms as obstacles (Manolio et al., 2015) .
Studies found that countries with limited research sources deserve a chance also to air their opinions in global decisions regarding public access and benefits from commercialized products, such as those related to genetic testing (Ndebele and Musesengwa, 2008) . International cooperation through large research consortia and distribution of information in the areas of health information technology, genomics, pharmacogenomics, education, professional development, and policy and regulatory issues seems to be key to the future for efficient clinical implementation of precision medicine worldwide (Manolio et al., 2015) . In sum, multiple challenges confront genetic testing, among them quality assurance and certification of laboratories for genetic testing, dearth of educated medical personnel (such as genetic counselors, physicians, and psychologists) to provide genetic counsel, and interpret the results from genetic tests, as well as by socioeconomic barriers, foremost of which is the high cost of genetic testing.
Genetic counseling in Bosnia and Herzegovina
Because different individuals respond differently to genetic test results, it is essential for individuals to have proper counseling to help them understand the meaning and significance of the test results related to their own health risks and treatment options (Winkler and Wiemann, 2016, Howard and Borry, 2013) . A recent study by McCuaig et al, suggested that traditional inperson genetic counseling is associated with higher acceptance of genetic testing and patient satisfaction as compared to other alternative methods by telephone or group genetic counseling (Mccuaig et al., 2018) . We live in an era when the public healthcare system is being increasingly asked to provide interpretation and counseling related to genetic information generated privately or at the clinic.
The Additional Protocol to the Convention on Human Rights and Biomedicine mandate that genetic testing for health purposes should be conducted under individualized medical supervision, accompanied by genetic counseling (Lwoff, 2009 ). The treaty sets forth principles related to quality of genetic service and genetic counseling, including the requirement that tests predictive of genetic diseases should include appropriate counseling to minimize misunderstanding of the results of genetic testing and related concerns by patients, such as potential anxiety, embarrassment, discrimination, and stigma if genetic information is inappropriately disclosed (Brothers and Rothstein, 2015) . Results of a recent BH survey demonstrated that almost half of respondents were worried about the possibility that genetic test results may be passed to unauthorized persons (Mahmutovic et al., 2018) . Revealingly, when respondents were asked who among a list of healthcare professionals should have access to their genetic information, about half of all respondents selected a genetic counselor (Mahmutovic et al., 2018) .
Genetic counseling is being recently introduced at the major clinical centers in BH, where this service seems to be performed mostly by physicians or subspecialist in genetic clinical settings (e.g., prenatal diagnosis along with amniocentesis). Few genetic testing private companies or labs in BH provide genetic counseling services. And for those who do, information regarding the educational backgrounds of physicians or other health professionals who provide these services and interpretation of genetic test results are often not provided at the website of these companies or labs. Some of these institutions perform genetic analysis in certified laboratories outside BH, while the results of these tests are delivered orally to patients and then subsequently shared with their physicians. In some private companies or labs, counseling is performed via Skype with the translator by certified genetic counselors from the partner companies outside BH. However, a recent study found that although there are institutions in BH that have developed technical and personnel infrastructure for implementing more advanced genetic diagnostics services, these institutions are not financed by the mandatory health insurance funds (Guzvic et al., 2018) . The occurrence makes it difficult for these services to be used by the BH population (ibid).
It is not clear what type of education and training healthcare professionals who currently provide genetic counseling at BH clinics and private laboratories have received. Several studies reported that physicians are not always equipped with the knowledge related to genetic tests and that they might not feel competent to interpret the results of genetic tests (Selkirk et al., 2013 , Hauser et al., 2018 , Bernhardt et al., 2012 , Klitzman et al., 2013 , Mcgowan et al., 2014 . Similarly, results of recent surveys on physicians' attitudes in BH toward personalized medicine indicate that majority of these physicians do not feel comfortable interpreting results of genetic tests (unpublished data). Thus, to minimize errors in the assessment of health risk and promote disease prevention and treatment options, it is imperative to improve the education of physicians about appropriate ways to utilize genetic tests. In addition to point-of-care learning and clinical decision support systems developed to provide physicians with information regarding pharmacogenetic tests and personalized medicine (O'donnell et al., 2017 (O'donnell et al., , Hinderer et al., 2017 , there are also learning opportunities, such as online modules and participatory learning strategies to enhance their knowledge on various aspects of genomic medicine (Haga et al., 2019) . Studies also indicate that, to facilitate their active participation in the establishment of processes for health technology assessment in the country, future health professionals in BH should be educated on pharmaco-economics (Catic and Skrbo, 2013) .
Still on genetic counseling, another impediment to improving current BH practices is the lack of university-level education in the field. Recent studies unearthed vast disparities between European countries and BH regarding standards for education, practice, and registration of genetic counselors (Paneque et al., 2016) . The European Board of Medical Genetics has recommended education at the master's level as the appropriate academic and professional standards for genetic counselors (Paneque et al., 2016) , a recommendation we believe BH authorities should consider with a view to applying it.
Public engagement in Bosnia and Herzegovina
Activities relating to public engagement should strive to go beyond informing and consulting individuals, and include promoting the knowledge society needs to embrace emerging biotechnologies. Recent survey of popular attitudes in Belgium on genetics and genetic testing (Chokoshvili et al., 2017) indicate that acknowledging the concerns of the general public is key to ensuring ethically-reliable and socially-acceptable application of novel genetic technologies. To protect human subjects while engendering public trust, there is serious need for institutional frameworks to ensure that the application of new technologies, ARTICLE PALGRAVE COMMUNICATIONS | https://doi.org/10.1057/s41599-019-0346-2 such as CRISPR-Cas9 at the focus of this article, follow the highest ethical standards (Caplan, 2019) . Public engagement should be the tool for popular upholding of bioethical principles in scientific research in gene editing necessary for increased awareness among various stakeholders, including the scientific communities, healthcare providers, government institutions, and the general public regarding the safety of genome editing technologies. To reach a broad societal consensus on gene editing, there is need for domestic and international standards that spell out the rights and responsibilities of scientists, policy makers, public, and other stakeholders (Jasanoff and Hurlbut, 2018) .
Based on the Strategic Health Development Plan between 2008 and 2018, adopted by the BH government, Bosnia and Herzegovina endeavors to comply with modern trends in science, focused around a range of factors embedded in healthcare, including stimulating the development of public-private partnership, investments in human resources and training for health professionals, and overall quality assurance. Going forward, BH became a member of the Management Committee of the COST Action-Citizen's Health through Public-Private Initiatives: Public Health, Market and Ethical Perspectives (CHIPME) in which forum and work it participated actively. The program provided a forum for review and revisit of existing ethical and regulatory frameworks in participating countries. It has also served to enhance interaction between public and private actors by creating a community of researchers and stakeholders aimed at bringing together critical expertize from multiple fields, such as bioethics, social studies of science and technology, genetic technology, information and communication technology, who band together in deliberation on patient-centered initiatives. Our recent survey of the BH general public regarding their attitudes toward genetic testing, genetic counseling and gene editing produced intriguingly mixed results. From their answers, the respondents appeared to be aware of these novel tools of precision medicine, but when asked whether they would design genes of their children, their responses were positive if and only if the technology would be used to protect those children from certain genetically-predisposed diseases (Semiz, 2016) .
Public education about genomics is the key to widespread application of genetic testing, genetic counseling, and gene editing in the BH healthcare system (Mahmutovic et al., 2018) . Results from a cross-sectional study published in 2018, in which one of the coauthors participated, unearthed the positive attitude of biomedical students in Bosnia and Herzegovina toward genetic testing and counseling, including the influence of pharmacogenomic education for more efficient translation of precision medicine into clinical practice (Mahmutovic et al., 2018) . The study examined the perceptions of students from different universities in BH toward precision medicine, pharmacogenomic education, and the corresponding ethical, legal, and social implications. It was based on a survey of 559 students from various biomedical fields, including bioengineering, genetics, health studies, medicine, and pharmacy. Results from the study showed that 50% of the students heard about personal genome testing companies, 69% consider having a genetic test done, 57% agreed that PM represents a promising healthcare model, and 40% believed that their study program is well designed for understanding the intersection and significance of PG/PM in medical practice.
Majority of participants in our more recent survey showed positive attitudes toward human genome editing and would support treatment of conditions through the use of gene editing (unpublished data). At the same time, they also shared their major concerns related to gene editing, including safety procedure with possible irreparable risks for fetal development, possible abuse of human enhancement, potential harmful effects on future generations, and a lack of consent for genetic modifications that could affect future human generations. Many respondents also expressed their belief that the general public in BH should be more informed about new medical and scientific advancements, such as gene editing, and that the most effective ways for education and public engagement are educational programs, media (Internet, newspapers, TV shows), and brochures offered by health institutions. The findings are consistent with the recent paper by Dressler and his colleagues, which suggested that roundtable discussions, a body of experts' discussions, workshops, and symposia are needed to bring together key interdisciplinary stakeholders in academia, government, profit, and nonprofit organizations to create programs of genomic education for the public (Dressler et al., 2014) .
To enhance understanding of clinically-relevant concepts in genetics and physicians' confidence in reviewing genetic information, it is necessary to increase collaboration among stakeholders, including the general public, universities, health workers and their associations, healthcare institutions, as well as to incorporate more training and continued education topics related to genetic testing. Patients' organizations must also play an important role by providing support and assistance to patients by, for example, performing genetic tests on rare diseases and focusing on advocacy at all levels of BH government (Guzvic et al., 2018) . Furthermore, the associations of health professions should take a more active role in organizing continued professional education in various aspects of genomic medicine in BH health centers and clinics. This would be consistent with the need to define the values of good medical practice emphasized in the Strategic Health Development plan between 2008 and 2018 in Bosnia and Herzegovina (Bh, 2008) .
Legal framework
Several laws and regulations have been adopted in BH within the context of reform of the healthcare system. Two of these legislation, the healthcare act and health insurance act, are enacted by all the units comprising the BH healthcare system, including the Federation of Bosnia and Herzegovina and its ten Cantons, Republika Srpska, and the Brčko District of Bosnia and Herzegovina. Between them, these two sets of law specify the conditions under which persons become eligible to enjoy healthcare benefits, and guarantee BH citizens and residents a basic healthcare package. Specifically, the healthcare law governs the principle, organization, and delivery of healthcare services, while the health insurance law regulates insurance as part of a social insurance system based on certain key principles like equal access and equity. These laws are helping to protect the privacy and dignity of patients, while keeping their data confidential (Valjan, 2012) .
In line with European orientation, BH's Strategic Health Development plan between 2008 and 2018 focuses on quality of healthcare services, as well as measures designed to promote good health and prevent diseases. Additional avenues for improvement of the healthcare system in BH include, but are not limited to, increased integration of healthcare systems in BH and improved professional communication across the various institutions and levels of healthcare (Novo et al., 2019) , improved access to healthcare services guaranteed by the compulsory health insurance, improved coordination between educational system, labor market and healthcare system, more equity in the distribution of health products and services, more preventive medicine, increased public-private partnership in healthcare delivery, and more private-sector participation in the healthcare systems (Federation of Bosnia and Herzegovina, 2008) (Bh, 2008) . BH needs a separate law on genetic testing (Valjan, 2012) , together with regulations on maintaining and servicing medical and PALGRAVE COMMUNICATIONS | https://doi.org/10.1057/s41599-019-0346-2 ARTICLE PALGRAVE COMMUNICATIONS | (2019) 5:134 | https://doi.org/10.1057/s41599-019-0346-2 | www.nature.com/palcomms diagnostic equipment and their standardization, all of which adds to the quantity and quality of healthcare delivery (Federation of Bosnia and Herzegovina, 2008) .
BH decision makers at all levels should ensure that socioeconomic differences, including cultural and administrative practices, do not impede access to optimal healthcare services for BH citizens, including matters bordering on precision medicine of the type this article analyzed. They must also strive to realize standards for citizens, whether in healthcare delivery, research, or general educational services, that do not lag behind the rest of Europe. Consistent with the assessment of the Strategy Health Development Plan between 2008 and 2018, it is important that these policymakers align the legal framework relating to genetics with the needs of the community while complying with principles from European intergovernmental organizations, like the Council of Europe and the European Union, the first of which BH is a member and the latter of whom it aspires to join. The route to reaching these governance goals will be through well-timed legislation, level-headed implementation, and diligent legislative oversight of the work of administrative agencies.
Conclusion
To optimize medical treatment and combat the inadequate access to healthcare in many parts of the world today, including Bosnia and Herzegovina, Citizens Health through Public-Private Initiatives is an idea whose time has come that also keys into the scientific, legal, and ethical ramifications of genetic testing, genetic counseling, genome editing, and related tools of precision medicine. CRISPR-Cas9 is a young gene-editing technique with still many unknowns. Possibilities and challenges of its clinical applications appear to be similar to those that other countries face in the eve of the scandal from China, galvanized by CRISPR-Cas9, regarding manipulation of human DNA. However, there are also additional challenges and constraints unique to BH that this paper addresses, with the clear need for effective laws and public engagement, designed to protect and educate the public on the benefits and possible ethical and other pitfalls of new technologies. To better understand the potential array of beneficial and adverse effects of these technologies in human subjects, there is need for broader research and educational initiatives. By allocating healthcare funds, public health policy should ensure accessibility, social justice, and the use of these novel medical services to improve public health. This paper shows the influence of recent global developments revolved around possibilities of patient-tailored medical practice in BH, while simultaneously contributing insights and perspectives from the country to these global developments.
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